Introduction {#Sec1}
============

Anthropogenic stressors have been responsible for an average population decline in all ecosystems, with the most severe impact recorded in freshwater ecosystems, where 76% of species have experience a decline since1970^[@CR1]--[@CR4]^. In particular, human-driven hyper-eutrophication and global warming have affected up to 50% of freshwater ecosystems worldwide in the last century^[@CR5],[@CR6]^.

Mitigation strategies to reduce the impact of environmental change are limited because the effect of multiple stressors can be synergistic (greater than the sum of individual effects), antagonistic (resulting from the contrasting action of two or more stressors) or additive (sum of the individual effects)^[@CR7]^, making predictions of the impact of multiple stressors compared to a single stressor challenging^[@CR8],[@CR9]^. Furthermore, population level responses can vary dramatically because of differences in environmental sensitivity^[@CR10]^, tolerance among individuals^[@CR11]^, ecological trade-offs and patterns of local adaptation^[@CR12],[@CR13]^. Modelling efforts have demonstrated that some of the main drivers of global change (e.g. temperature and eutrophication) have an antagonistic effect on freshwater community diversity^[@CR14]^. Yet, empirical assessments of organisms' response to multiple stressors, exploring how temperature warming may affect organisms' response to other stressors, is limited (e.g.^[@CR15],[@CR16]^).

Here, we study the impact of high temperature combined with food levels or chemical stressors (insecticides) on the model freshwater species *Daphnia magna*. *D. magna* is a keystone grazer in a wide range of standing freshwater habitats worldwide^[@CR17]^, and responds to environmental stress via either genetic adaptation or phenotypic plasticity^[@CR17],[@CR18]^. Generally, warming induces plastic responses in life history traits^[@CR19],[@CR20]^, following the temperature-body size rule, according to which organisms are smaller and less fecund in warmer temperatures^[@CR21]^. Food, both quality and quantity, affects *Daphnia* fitness, reducing growth and fecundity^[@CR22]^ with food quality playing a stronger role at high food quantity^[@CR23],[@CR24]^. *Daphnia* response to chemicals has been documented for a number of chemicals, including acetylcholinesterase (AChE) and carboxylesterase (CbE) inhibitors which have severe impact on non-target species, affecting their intrinsic growth rate, fecundity and survival^[@CR25]^. These studies revealed a genetic basis of tolerance showing significant fitness differences among strains and populations^[@CR26]--[@CR28]^. Yet, only a handful of studies have investigated the impact of mixtures of stressors on natural populations of *Daphnia* over evolutionary time (e.g.^[@CR29],[@CR30]^).

One way to do this involves examining historical responses to multiple stressors. *Daphnia*'s reproductive strategy offers the unique opportunity to do this via 'resurrecting' historical populations from lake sediment by the practise of 'resurrection ecology'^[@CR31]^. *Daphnia*'s life cycle alternates sexual recombination with asexual (clonal) reproduction. Sexual recombination results in early stage embryos that arrest their development and remain protected from the environment by a chitin case called an ephippium^[@CR32]^. Hatching of dormant embryos is achieved under laboratory conditions by exposure to light and temperature stimuli that mimic favourable conditions in the natural environment. Once dormant stages have been revived, *Daphnia* genotypes can be propagated indefinitely in the laboratory via clonal reproduction.

The properties of *Daphnia* provide the opportunity to reveal the relative contribution of plastic and genetic responses to multiple environmental factors through evolutionary time^[@CR33],[@CR34]^. By comparing the responses to environmental change of historical populations to those of their modern descendants, one can investigate how historical exposure to environmental change shapes adaptive responses of modern populations. More generally, by studying populations that originate from the same genetic pool responding to environmental change over time, important insights can be gained into the evolution of fitness traits, which is largely limited to the analysis of spatial populations exposed to differing selection pressures^[@CR33]--[@CR35]^.

We studied the impact of warming combined with food levels and carbamate insecticides on *D. magna* populations separated in time, resurrected from a lake with a well-known history of anthropogenic impact^[@CR36],[@CR37]^. This allowed us to understand the evolution of life history traits over five decades and to assess the impact of historical exposure to stress on population responses to recurring and novel stress. On the three resurrected populations, we performed common garden experiments to test five hypotheses:The effect of temperature varies among populations as a result of thermal plasticity^[@CR19],[@CR20],[@CR38]^. Higher temperature reduces size and reproductive success of animals^[@CR39]^.Temperature and non-limiting resources have an antagonistic effect (opposite effect in the individual stressors), which results in a negligible impact of temperature on life history traits^[@CR40],[@CR41]^.Temperature and food limitation have a synergistic (greater than individual stressors) effect on life history traits as a result of higher metabolic demands at high temperatures^[@CR41],[@CR42]^.Carbamate insecticides and temperature have an antagonistic effect as some pesticides display higher volatilization and degradation at higher temperatures^[@CR43]^. Because of this antagonism, concentrations of pesticides being equal, the impact of carbamate insecticides on fitness is expected to be comparatively higher at lower temperature.Populations that have been exposed to environmental stress prior to dormancy express higher fitness when re-exposed to the same stress^[@CR44]^. For example, we predict the effect of temperature to be less severe in the most recent population, because of a microevolutionary response to temperature increase^[@CR45],[@CR46]^.

The results of the common garden experiments were validated in competition experiments, in which we assessed population's relative fitness after exposure to two combinations of stressors and to temperature alone. The competition and the common garden experiments provided insights into the predictability of population response to multiple stressors in light of their historical exposure to environment stress.

Methods {#Sec2}
=======

Study system {#Sec3}
------------

Our study system is Lake Ring, a well characterized shallow mixed lake (without thermocline stratification) located in a typical peri-urban landscape in Jutland, Denmark (55°57′51.83″N, 9°35′46.87″E)^[@CR47]^. In the late 1950s, sewage inflow from a nearby town dramatically increased nutrient level in the lake resulting in eutrophication^[@CR37]^. The sewage inflow was diverted at the end of the 1970s, but this period coincided with agricultural land use intensification (\>1980), leading to substantial pesticide and herbicide leaching in the lake^[@CR37]^. The lake was also stocked with white fish between 1989 and 1990 to study the impact of predation on the invertebrate community^[@CR36]^. Finally, the lake partially recovered from hyper-eutrophication in modern times (\>1999s) but, as with every lake in Europe, it experienced an increase in average ambient temperature^[@CR48]^. A sedimentary archive was collected from Lake Ring in 2004 with a piston corer of 6 cm internal diameter as described in^[@CR49]^; the core was sliced in layers of 0.5 cm and stored in dark and cold (4 °C) conditions. A radiometric chronology of this sediment was completed in 2015 by ENSIS Ltd (UCL London) following standard protocols^[@CR50]^, and provided an accurate dating of the sediment to the year 1900. Dating of sediment was conducted by direct gamma assay, using ORTEC HPGe GWL series well-type coaxial low background intrinsic germanium detector. Sediment samples with known radionuclide profiles were used for calibration following^[@CR50]^.

The sedimentary archive was inspected for dormant *D. magna*. From a total of 923 dormant eggs, 262 dormant *Daphnia* embryos were successfully hatched, following established protocols^[@CR49]^. Each hatchling is genetically distinct as it is the result of sexual recombination. The hatching success of *D. magna* was, on average, 30.5% across the sedimentary archive, in line with previous studies^[@CR51]^. Generally, variation in hatching success was not correlated with the age of the sediment (Fig. [S1](#MOESM1){ref-type="media"})^[@CR49]^.

From each of the lake phases--sewage (1960--1970) referred to as the eutrophication phase (EP), pesticide (1975--1985) referred to as the pesticide phase (PP) and recovery (\>1999) referred to as the clear water phase (CWP) - we randomly selected ten genotypes (each set of genotypes is referred to hereafter as a population), for a total of 30 genotypes. On clone lines established from the hatchlings, we performed common garden experiments and measured response of fitness-linked life history traits to temperature as a single stressor and in combination with food levels and carbamate insecticide loads. Clonal lineages established from individual hatchlings were maintained in standard laboratory condition (16:8 light: dark regime, 10 °C and 0.4 mg Carbon/L of *Chlorella vulgaris* bi-weekly) for several generations (up to 6 months) to reduce interference from extended dormancy.

The sample size per population of *D. magna* was chosen based on previous results showing that 10 genotypes are representative of the local genetic diversity of *D. magna* populations^[@CR52]^. The resurrected genotypes are an unbiased representation of the local population genetic diversity as hatching success fluctuated along the sedimentary archive but did not systematically decrease with the age of the sediment^[@CR49]^. Previous results on the genetic composition of *D. magna* in Lake Ring showed that genetic drift and selection did not have a detectable impact on the neutral genetic diversity over time, measured both on the hatched and unhatched populations of *D. magna* throughout the sedimentary archive^[@CR52]^. Negligible impact of drift and selection on neutral genetic diversity in the presence of strong environmental selection is ideal to study evolution in life history traits over evolutionary time^[@CR52]^.

Paleolimnological and historical profile of Lake Ring {#Sec4}
-----------------------------------------------------

Records of Secchi disk depth (water transparency), total phosphorous and total nitrogen were collected by the County of Vejle in the Jutland peninsula for the years 1971--1999 as part of a monitoring program following standard protocols^[@CR53]^ (Table [S1](#MOESM1){ref-type="media"}). Integrated water samples over the entire depth of the lake (5 m) were measured monthly and average values for the summer period (May to October) calculated. A record of pesticides historically sold in Denmark was obtained from the Danish national archives for the period 1955--2010 (Table [S2](#MOESM1){ref-type="media"}, [www.middeldatabasen.dk](http://www.middeldatabasen.dk)). According to these records, carbamate insecticides were the third category of most sold insecticides until their ban in early 1990s (Table [S2](#MOESM1){ref-type="media"}). Temperature records were collected over the past century by the Danish Meteorological Institute at a weather station located 80 km from Lake Ring (Table [S1](#MOESM1){ref-type="media"}, <http://www.dmi.dk/laer-om/generelt/dmi-publikationer/2013/>). Because air and water surface temperature have a positive correlation for shallow streams and lakes^[@CR54],[@CR55]^, we used the data from the weather station as estimate of the lake water temperature.

The paleolimnological analysis of the sedimentary archive consisted of quantifying the organic matter content, the *Cladocera* community and the *Daphnia* abundance through time. The organic and carbonate content of the sediment was estimated using loss on ignition, the percentage of sediment weight lost on ignition (LOI)^[@CR56]^. The procedure for LOI consists of strongly heating ("igniting") a sediment sample at a specified temperature (550 °C), burning off the organic fraction^[@CR57]^. LOI is used in limnology as an indirect measure of eutrophication as Carbon is the main component of primary producers and a good estimate of their abundance^[@CR58]^. The *Cladocera* community composition in each sediment layer was quantified from sub-fossil remains following^[@CR59]^. In brief, each sample (sediment layer) was heated in a deflocculating agent (KOH) and sieved at 150 and 50 µm. The remains from the two sieves were washed separately and stained with safranin. Sub-samples from each layer were analysed using a compound microscope at x40--400. The chitinous *Cladocera* remains were identified following^[@CR60],[@CR61]^. Changes in *D. magna* abundance were quantified from the count of the dormant *D. magna* embryos recovered from each sediment layer and multiplied for the total lake surface (22.5 hectares).

Life history traits response to single and multiple stressors {#Sec5}
-------------------------------------------------------------

The impact of temperature in isolation and in combination with food levels and carbamate insecticides, was assessed via life history traits across the 30 genotypes resurrected from Lake Ring, 10 genotypes per population separated in time, in three common garden experiments (Fig. [1](#Fig1){ref-type="fig"}).Figure 1Experimental design. *D. magna* dormant embryos were sampled from a sedimentary archive of Lake Ring. Ten hatchlings from each lake phase (N = 30) were used in three common garden experiments (CGEs) and life history traits (mortality, size at maturity, age at maturity and fecundity) measured after controlling for maternal effect. CGE1: temperature; CGE2: temperature and food levels; CGE3: temperature and insecticide Carbaryl concentrations. Temperatures used are: 18 °C and 24 °C; food levels are 0.2 mg Carbon/L and 2.4 mg Carbon/L; Carbaryl concentrations are 4 μg/L and 10 μg/L.

In common garden experiment 1 (CGE1) we measured life history response to high temperature (24 ± 1 °C) as compared to a control temperature (18 ± 1 °C); 24 °C represents an increase of 6 °C of the current lake temperature; food levels in this experiment were non-limiting (0.8 mg Carbon/L of *Chlorella vulgaris*). In common garden experiment 2 (CGE2), the two temperatures were crossed with two nutrient levels: 0.2 mg Carbon/L and 2.4 mg Carbon/L. For this experiment, we use food quantity to mimic changes in total primary producer's biomass, because it is a more realistic ecological approximation of eutrophication as a complex environmental stress, which includes change in turbidity and oxygen in addition to food quality. In common garden experiment 3 (CGE3), the two temperatures were crossed with two concentrations of a carbamate insecticide (commercial name Carbaryl, Pestanatal): 4 µg/L and 10 µg/L; in this experiment, non-limiting food levels were used (0.8 mg Carbon/L of *C. vulgaris*). We decided to use Carbaryl, as it was previously shown to have a measurable impact on *Daphnia* fitness^[@CR26]--[@CR28],[@CR62],[@CR63]^ and it was one of the most common brands of carbamate insecticides sold in the 1980s (Table [S2](#MOESM1){ref-type="media"}). Concentrations of food and Carbaryl imposing sub-lethal effects on *D. magna* life history traits were identified in the study populations using pilot experiments (Appendix 1).

Prior to starting the CGEs, the genotypes were acclimated and synchronized for two generations in common garden conditions (16:8 light: dark regime, 16 ± 1 °C and fed 0.8 mg Carbon/L of *C. vulgaris* daily) to reduce interference from maternal effects. After two generations in these conditions, 24--48 hour old juveniles from the second or following broods were randomly assigned to the experimental exposures in which fitness-linked life history traits were measured in the time spanning an individual life cycle (until release of the second brood). For each clone of the same genotype across the three CGEs we measured size at maturity (distance between the head and the base of the tail spine), age at maturity (first time eggs were observed in the brood chamber), fecundity (total number of offspring released summing first and second brood), and mortality. For size at maturity, all animals were measured after releasing their first brood into the brood pouch using image J software (<https://imagej.nih.gov/ij/index.html>). We used life history trait measurements to make inferences at population level throughout the study, using genotypes as replicates per population.

Mortality rates per population were calculated with a survival model fit via the psm function in the rms R package V.3.3^[@CR64]^. A separate model was fitted to each treatment, in which the day of mortality and mortality event were combined as the dependent variables (e.g. censoring); population and temperature were treated as fixed effects. All mortality curves were plotted using the survplot function form rms package in R v.3.3.3^[@CR64]^.

We quantified the effects of population, treatment and their interaction on individual life history traits measured in the three CGEs using linear mixed models (LMMs) in R v.3.3.3^[@CR64]^. Genotype was fit as a random effect nested within population. Because the populations separated in time originate from the same genetic pool and genetic drift is negligible^[@CR52]^, a significant population term indicates genetic differences among populations. Differences in mean trait values between temperature, nutrient or carbamate treatments, after controlling for maternal effects, are the expression of plasticity, an environmental effect. If the effect of the treatments (environments) differed significantly among populations (genetic effect), we would have evidence for a P (population) × E (treatment) interaction. We visualized the main effects and the population x treatment interactions via population reaction norms, which describe the pattern of phenotypic expression across treatments^[@CR65]^. All evidence of interactions or main effects were assessed via Type II analysis of deviance tables via the Anova function in the car library for R v.3.3.3^[@CR66]^.

Competition experiments {#Sec6}
-----------------------

To test the relative fitness of the three populations of *D. magna* in the presence of multiple stressors, we performed competition experiments in 10 L mesocosms. In these experiments, we quantified fitness differences among populations by measuring changes in each population frequency after four weeks of exposure to multiple stressors as compared to an initial inoculum, in which population frequencies were identical. We measured population response to high temperature (24 °C) combined with resource limitation (low food, 0.2 mg Carbon/L) and high temperature combined with high concentrations of Carbaryl (10 µg/L). Previously, Cambronero and Orsini (2018) performed a competition experiment using the same genotypes to quantify the impact of high temperature as a single stressor^[@CR49]^. Here, we used data from this previous experiment to summarize population response to a single stress and multiple stressors.

Prior to the competition experiments all genotypes were cultured for two generations in the following conditions to control for maternal effects and synchronize reproduction: 20 °C; long photoperiod (16:8 light:dark regime); feed daily with 0.8 mg Carbon/L of *C. vulgaris;* medium was renewed every second day. Five 24--48 h old juveniles from the second brood of the third generation from 7 genotypes of each population were randomly assigned to 10 L mesocosms for a total of 105 animals per mesocosm \[5 juveniles × 7 genotypes × 3 populations\]. Each experiment was run in triplicate. The mesocosms were exposed to the experimental conditions for four weeks (≥3 clonal generations). To simulate population dynamics that *Daphnia* may encounter in the natural environment (e.g. mortality by competition and predation), we culled 10% (1 L) of the volume of each mesocosm at regular intervals on day 10, 17 and 24, after thorough mixing, removing medium and a random number of individuals collected in the culled medium following^[@CR20],[@CR33]^. The volume of culled medium was replaced with fresh medium.

At the end of the fourth week, 32 (10%) animals from each mesocosm (N = 192) were randomly sampled to assess changes in population frequency as compared to the initial inoculum. To measure changes in population frequency, we used a panel of 13 polymorphic microsatellites arranged in two multiplexes (M01 and M05). These loci are part of a panel of 84 microsatellites previously developed for *D. magna*^[@CR67],[@CR68]^. Genomic DNA was extracted from single individuals using AGENCOURT® DNAdvance (Beckman Coulter) kit with minor modifications. The samples were amplified using established protocols^[@CR67],[@CR68]^ and genotyped on an ABI3032. Fragment analysis was conducted with Genemapper (Thermo Fisher Scientific) using LIZ500 (Thermo Fisher Scientific) as size standard. At the end of the experiment, we quantified changes in the frequency of each population between the inoculum and the end of the experiment with a chi-squared test using the "stats" package in R v.3.3.3^[@CR69]^. A non-significant change in population frequency after four weeks of exposure to either single or multiple stressors indicates that the population was not affected by the stressors and maintained a frequency similar to the initial inoculum. Conversely, a significant decrease or increase in frequency as compared to the initial inoculum indicates a negative or positive effect on population fitness, respectively. For the analysis of population frequency in response to high temperature we used previously generated data^[@CR33]^.

Results {#Sec7}
=======

Life history traits response to single and multiple stressors {#Sec8}
-------------------------------------------------------------

We investigated the impact of temperature alone (CGE1), temperature and food levels (CGE2) and temperature and insecticide Carbaryl loads (CGE3) on fitness-linked life history traits.

### CGE1 (Temperature) {#Sec9}

The effect of temperature on all traits did not vary by population (Table [1](#Tab1){ref-type="table"} - CGE1, P × T). Furthermore, we detected no difference among populations in trait means (Table [1](#Tab1){ref-type="table"} - CGE1, P). Increasing temperature caused a decrease in mean size at maturity, age at maturity and fecundity (Fig. [2](#Fig2){ref-type="fig"} - CGE1) but did not affect mortality (Fig. [S2](#MOESM1){ref-type="media"}).Table 1Analysis of variance.CGE1FecunditySize at maturityAge at maturityMortalityChisqP-valChisqP-valChisqP-valChisqP-valPopulation (P)1.4220.4910.0740.9641.7530.4163.7650.152Temperature (T)8.563**\<0.001**13.061**\<0.001**5.102**0.024**2.0430.153P × T3.4940.1741.9080.3851.1620.5594.1210.127**CGE2**Population (P)0.4700.7914.8160.0902.7170.2573.865**0.014**Temperature (T)0.5520.45712.543**\<0.001**100.929**\<0.001**0.0050.946Food(F)1033.209**\<0.001**1202.270**\<0.001**62.856**\<0.001**0.4150.519P × T0.0340.9830.1780.9154.3430.1148.472**0.014**P × F0.1020.9511.3220.5161.4190.4920.2830.868T × F0.0010.9781.7070.1916.604**0.010**3.4940.062P × T × F0.1530.9260.1400.9320.7680.6813.3650.186**CGE3**Population (P)0.3670.8320.5600.7566.054**0.048**2.2180.330Temperature (T)48.440**\<0.001**67.951**\<0.001**52.086**\<0.001**11.494**\<0.001**Insecticide (I)13.619**\<0.001**2.6510.10415.185**\<0.001**82.991**\<0.001**P × T3.4570.1781.9960.3690.1580.9240.4620.794P × I0.2830.8681.2550.5341.7470.4171.6620.436T × I4.045**0.044**5.189**0.023**0.2490.6184.857**0.028**P × T × I1.3650.2431.6560.1981.0390.3080.4630.793ANOVAs per single life history trait (mortality, fecundity, size and age at maturity) calculated for the three common garden experiments testing for the effect of population, treatment and their interaction terms. The populations are as in Fig. [1](#Fig1){ref-type="fig"}, each comprising 10 *Daphnia magna* genotypes and representing different time periods. CGE1 - Temperature treatment; CGE2 - Temperature and food levels; CGE3 - temperature and insecticide Carbaryl. Significant *P-values* are shown in bold.Figure 2Univariate reaction norms. Univariate responses to temperature (CGE1), temperature combined with food levels (CGE2) and temperature combined with loads of the insecticide Carbaryl (CGE3) in the three populations of *D. magna* resurrected from Lake Ring. Population reaction norms based on population means (n = 10) and SD, are shown for three life history traits. Responses in the life history traits to temperature, temperature combined with food levels and temperature combined with Carbaryl loads are shown. Only mortality data are available for the PP population at high concentrations of Carbaryl as the population experienced 100% mortality in this treatment three days after exposure (Fig. [S1](#MOESM1){ref-type="media"}). The populations are colour coded as in Fig. 2.

### CGE2 (Temperature and food) {#Sec10}

The three way interaction (food x temperature x population) was not significant in the temperature and food experiment (Table [1](#Tab1){ref-type="table"} - CGE2, P × F × T). The effect of temperature did not vary by population, except for mortality (Table [1](#Tab1){ref-type="table"} - CGE2, P × T). Similarly, the effect of food did not vary by population (Table [1](#Tab1){ref-type="table"} - CGE2, P × F). We detected no difference among populations in trait means, except for mortality (Table [1](#Tab1){ref-type="table"} - CGE2, P). Increasing temperature caused a decrease in size and age at maturity (Fig. [2](#Fig2){ref-type="fig"} - CGE2). Food limitation caused lower fecundity, smaller size at maturity and a delay in maturation (Fig. [2](#Fig2){ref-type="fig"} - CGE2). The effect of food on trait means did not vary by temperature (Table [1](#Tab1){ref-type="table"} - CGE2, T × F).

### CGE3 (Warming and insecticide Carbaryl) {#Sec11}

There was no evidence that an interaction between insecticide and population varied by temperature in the temperature and Carbaryl experiment (Table [1](#Tab1){ref-type="table"} -- CGE3, P x F x T). The effect of temperature did not vary by population in any of the life history traits (Table [1](#Tab1){ref-type="table"} - CGE3). Similarly, the effect of insecticide did not vary by population (Table [1](#Tab1){ref-type="table"} - CGE3, P × I). We detected no difference among populations in trait means, except for age at maturity (Table [1](#Tab1){ref-type="table"} - CGE3, P). The effect of insecticide on trait means varied significantly by temperature in all traits, except for age at maturity (Table [1](#Tab1){ref-type="table"} - CGE3, T × I). Increasing temperature in low Carbaryl caused an increase in fecundity, a larger size at maturity, and an earlier age at maturation (Fig. [2](#Fig2){ref-type="fig"} - CGE3). Increasing temperature in high Carbaryl had a population-dependent effect; the CWP population experienced a decrease in fecundity and a smaller size at maturity, whereas the EP population experienced an increase in fecundity and a larger size at maturity (Fig. [2](#Fig2){ref-type="fig"} - CGE3). Both EP and CWP experienced earlier maturation (Fig. [2](#Fig2){ref-type="fig"} - CGE3). The PP population experienced 100% mortality in high Carbaryl (Fig. [S2](#MOESM1){ref-type="media"}).

Competition experiments {#Sec12}
-----------------------

In our previous work^[@CR49]^, we found that high temperature did not alter the frequency of the genotypes from any of the three populations \[χ^2^~CWP~ = 0.33, p = 0.57; χ^2^~PP~ = 1.54, p = 0.21; χ^2^~EP = ~0.34, p = 0.56\] (Fig. [3A](#Fig3){ref-type="fig"}).Figure 3Competition experiments. Population frequencies with variance are shown after four weeks of exposure ('\>4 weeks') to (**A**) temperature, (**B**) temperature and limiting food levels, and (**C**) temperature and high Carbaryl as compared to an equal starting inoculum of the three populations ('inoculum'). The starting inoculum had no variance as all mesocosms were inoculated with equal number of genotypes. Population codes are as in Fig. [2](#Fig2){ref-type="fig"}. Data for the temperature experiment are from^[@CR33]^.

Exposure for four weeks to high temperature combined with resource limitation (low food) did not result in a significant change of genotype frequency from the CWP population \[χ^2^~CWP~ = 1.29, p = 0.26\], whereas it increased the frequency of genotypes from the EP population \[χ^2^~EP~ = 5.68, p = 0.02\] and it decreased the frequency of genotypes from the PP population \[χ^2^~EP~ = 27.19, p = 0.001\] (Fig. [3B](#Fig3){ref-type="fig"}).

Exposure for four weeks to high temperature and high Carbaryl had no effect on the frequency of genotypes from the CWP and the EP populations \[χ^2^~CWP~ = 1.40, p = 0.24; χ^2^~EP~ = 1.22, p = 0.27\], whereas it decreased the frequency of those from the PP population \[χ^2^~PP~ = 9.50, p = 0.02\] (Fig. [3C](#Fig3){ref-type="fig"}).

Environmental profile of Lake Ring {#Sec13}
----------------------------------

Historical records documenting sewage inflow in Lake Ring matched a high level of primary production in the paleolimnological analysis - high LOI (Fig. [4A](#Fig4){ref-type="fig"}, EP). *D. magna* abundance was low at the beginning of the 1960s and increased towards the 1970s (Fig. [4B](#Fig4){ref-type="fig"}). The *Cladocera* community followed a similar trend (Fig. [4C](#Fig4){ref-type="fig"}). From the 1970s onwards, primary production fluctuated but remained overall high until the mid-1990s (Fig. [4A](#Fig4){ref-type="fig"}, LOI). In the early 1970s, high LOI was matched by low transparency, high total phosphorus and total nitrate (Fig. [4E](#Fig4){ref-type="fig"}). The *Daphnia* population and the *Cladocera* community reached a peak of abundance in the early 1980s (Fig. [4B,C](#Fig4){ref-type="fig"}). In 1985, the use of carbamate insecticides was highest (Fig. [4D](#Fig4){ref-type="fig"}). Coincident with the peak of carbamates, the *D. magna* population declined (Fig. [4B](#Fig4){ref-type="fig"}), even though primary production was high (Fig. [4A](#Fig4){ref-type="fig"}). In the 1990s, white fish were stocked in the lake for a year, imposing a short-lived negative effect on *D. magna* population (Fig. [4B,C](#Fig4){ref-type="fig"}), which subsequently recovered. With the diversion of sewage and decrease in agricultural land use^[@CR70]^ in modern times, a decline in primary production was observed after the 1990s coinciding with a lower presence of *Daphnia* population and the *Cladocera* community. Consistent with lower primary production (Fig. [2B,C](#Fig2){ref-type="fig"}), a decrease in total phosphate and total nitrate and an increase in water transparency were observed (Fig. [4E](#Fig4){ref-type="fig"}). Finally, a modest but steady increase (∼1 °C) in environmental temperature was recorded over the five decades studied (Fig. [4F](#Fig4){ref-type="fig"}). According to these records the oldest population was sampled from the coldest period and the most recent population from the warmest period of the 21^st^ century^[@CR48]^.Figure 4Lake Ring historical profile. Paleolimnological and historical data are shown for Lake Ring. (**A**) loss on ignition (LOI, %); (**B**) *Daphnia magna* ephippia abundance (m^2^); (**C**) *Cladocer*a assemblage based on 33 taxa after excluding *Daphnia magna*; (**D**) Carbaryl usage (tons per year); (**E**) average summer air temperatures (June-August); (**F**) total phosphorus (P, mg/L), total nitrogen (N, mg/L), and transparency calculated as Secchi disk depth (m) for the period 1970--1999. EP - eutrophic population (blue), PP - pesticide population (green), and CWP - clear-water population (red). Grey areas represent 95% confidence intervals.

Discussion {#Sec14}
==========

Our first objective was to assess four hypotheses on the impact of temperature, food levels and carbamate insecticides, in isolation and in combination, on *Daphnia magna* life history traits. Our second objective was to understand how historical exposure to environmental stress impacts population level response to recurring and novel stress.

Our first hypothesis was that the populations analysed expressed thermal plasticity in response to warming. As a corollary of this hypothesis, we expected that higher temperature induced smaller size at maturation and lower fecundity. We observed thermal plasticity in the three populations exposed to temperature alone (CGE1), and non significant genetic differences among populations. This finding was confirmed by the competition experiment, in which the three populations showed comparable competitive abilities in response to warming. At higher temperature, genotypes reached maturation faster at a smaller size and were less fecund, following the temperature-body size rule, according to which organisms are smaller and reproduce less in warmer temperatures^[@CR21]^. These results suggest trade-offs among life history traits, where a decline in fecundity is compensated by faster maturation and smaller body size^[@CR71]^. Reduction in body size of grazers may have far reaching consequences in aquatic food webs by altering the predator-prey^[@CR72]^ and the grazer-primary producer's^[@CR73]^ dynamics (see^[@CR14]^ for a review on the impact of temperature on the complexity of food webs). Changes in grazers' body size have a direct impact on visual predators (e.g. fish). Moreover, because high temperature induces higher primary production but lower fecundity in the grazers resulting in lower population growth rate, warming influences biomass of grazers and their primary producers in opposite directions. Overall, our results on *Daphnia* response to temperature indicate a potential negative impact of global warming on freshwater communities, confirming modelling predictions^[@CR14],[@CR74]^.

Our second hypothesis was that warming and high food levels (non-limiting resources) had antagonistic effects, as higher resource availability compensated for higher metabolic demands associated with high temperature. In the common garden experiment testing the impact of temperature and high food level (CGE2), we observed no decrease in fecundity and size at maturity with temperature; this trend was reversed in the temperature only exposure (CGE1). These results suggest that in a global change scenario, in which ecosystem productivity is high, the potentially negative effect of high temperature on *Daphnia*, linked to higher metabolic demands, can be partially mitigated by high resource availability. However, high productivity is generally associated with eutrophication, leading to a shift from algae to cyanobacterial blooms, with a negative cascading effect on higher trophic levels^[@CR75]^.

Our third hypothesis was that temperature and food limitation had a synergistic or additive effect with warming. We observed a synergistic effect of food limitation and warming only on age at maturity (T × F term in the ANOVA analysis). Moreover, populations did not show significant genetic differences in their response to the combined effect of temperature and food limitation. Interestingly, temperature and population interacted significantly in limited food levels, resulting in significantly different population fitness in the competition experiment, in which the frequency of the PP population significantly decreased, and the frequency of the EP population significantly increased over the time of the experiment. This suggests that in presence of a second stressor (e.g. food limitation) temperature may negatively affect population fitness, depending on its genetic background or, possibly, its history of exposure to stress. If these trends were to be confirmed in the wild, the impact of temperature on natural populations may be severely augmented by the co-occurrence of a second stressor, altering the genetic composition of natural populations. By studying the impact of global change using temperature as a *proxy*, we may severely underestimated the effect of warming on the genetic composition of populations and, therefore, on the dynamics of food webs.

Our fourth hypotheses was that temperature and carbamate insecticides had an antagonistic effect because of higher volatilization and degradation of the insecticides at higher temperature^[@CR43]^. Previous studies on *Daphnia* showed a negative effect of carbamate insecticides on individual performance^[@CR28]^. However, both synergistic and antagonistic effects of a second stressor were observed on carbamate-exposed *Daphnia*; exposure to carbamates increased the impact of parasite infection^[@CR28]^ but not of predation^[@CR63]^. We observed a more severe effect of the carbamate insecticide at 18 °C compared to 24 °C on all life history traits, and in particular, on mortality. We observed a net increase in fecundity and larger size at maturity in animals exposed to carbamates at 24 °C as compared to the same animals at 18 °C. The net fitness advantage of higher volatilization of carbamate insecticide was obvious in respect to the temperature only experiment, in which fecundity was lower and size smaller at 24 °C.

Hence, the common garden experiment (CGE3) validated the hypothesis of antagonistic effect of temperature and insecticide for low concentration of the insecticide. These results suggest that the adverse effect of some insecticides on non-target species may be mitigated under warming. However, the mitigating effect of temperature on the insecticide was only observed for low concentrations. In fact, the mitigating effect of temperature on high concentration of carbamates was evident only on the EP population, whereas warming and insecticide had a synergistic effect on the CWP population, in which we observed a decrease in fecundity and a smaller size at maturity at 24 °C compared to 18 °C. The competition experiment confirmed significant differences in population competitive abilities in the presence of a high concentration of carbamate and warming, suggesting a population-dependent response to multiple stressors that may be driven by historical exposure to stress. We discuss the possible influence of historical exposure on population fitness below.

The paleolimnological analysis of the sedimentary archive suggested that the *D. magna* population responded negatively to pesticides. Conversely, *Daphnia* and the *Cladocera* community abundance did not change appreciably during the period of sewage inflow (1960--1970), suggesting that this event did not have an impact on species abundance. However, it is noteworthy that both the *Daphnia* population and the *Cladocera* community are less abundant during the eutrophication phase than later phases. Although a causative link among these environmental factors and the *Daphnia* population dynamics cannot be established at this point, the paleolimnological analysis confirmed that *D. magna* from Lake Ring were indeed exposed to a number of environmental factors, including pesticides, temperature and nutrient levels and that they persisted over time, possibly via adaptive or microevolutiaonary responses. In light of this evidence we hypothesized less impact of temperature on the most recent population, because of a microevolutionary response to temperature increase. This hypothesis is supported by previous studies showing evolution of the critical thermal maximum (CT~max~) in populations of *D. magna*, including the population studied here, over multiple decades^[@CR45],[@CR46],[@CR76]^. This hypothesis was not validated in the present study, as we did not observe genetic differences among populations in response to temperature or higher competitive ability of the most recent population in the temperature competition experiment. Microevolutionary responses in physiological traits, such as CT~max~, and lack thereof in life history traits may be explained by the traits being under different evolutionary constraints.

In the context of historical exposure positively affecting population response to recurring stress, we expected the impact of food limitation to be less severe in the clear-water population and for the eutrophic population to have higher performance in high food levels. Generally, the three populations responded with a similar degree of plasticity across life history traits to resource limitation and high food level combined with temperature in the common garden experiments. Moreover, in the competition experiment, the clear water and the eutrophic populations showed comparable competitive abilities when exposed to resource limitation and warming, irrespective of their historical exposure to food levels. Unpredicted patterns were also observed in the carbamate and warming exposure, in which the pesticide population, which experienced pesticide exposure prior to dormancy, was, in fact, the one with the lowest fitness. These observations may be the result of hatching bias in the resting egg bank and/or gene flow from other populations. However, we can rule out both biases. A recent study of the *Daphnia* populations resurrected from three biological archives, sampled from three lakes and including Lake Ring, showed that dormant egg banks can be interrogated to obtain an unbiased measure of genetic diversity over time, demonstrating that temporal neutral genetic stability was directly comparable between hatched and unhatched populations^[@CR52]^. The same study showed no detectable changes over time of the allelic composition of the populations, suggesting that the establishment success of migrants is generally negligible in *Daphnia* populations^[@CR52]^.

Negligible impact of migrant's establishment in *D. magna* has been previously explained with the monopolization hypothesis, according to which local genetic adaptation of initial colonizing genotypes results in a reduction of gene flow that fosters the persistence of founder effects^[@CR68],[@CR77],[@CR78]^. The lower fitness of the pesticide population in the common garden and competition experiments as compared to the other two populations may be explained by the negative effect of historical pesticide exposure that is magnified in the presence of temperature or food limitation, supporting the hypothesis of synergism between chemical pollution and other stressors. Synergism between pesticides and other stressors is well documented^[@CR28],[@CR41],[@CR79],[@CR80]^.

Overall, our study showed that the impact of multiple stressors can be empirically estimated, suggesting that an overarching predictive approach on how combinations of stressors affect natural ecosystems may be achievable. These data have shown that the impact of temperature on natural populations could be either more severe or mitigated in the presence of other environmental factors. For example, the effect of temperature on population fitness was mitigated in the presence of high food levels, but was more severe in the presence of a high carbamate insecticide. Given these interactions, the use of temperature as single *proxy* for species response to global change may lead to over- and under-estimates of species evolvability and persistence.
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